Cocaine exposure in utero causes severe alterations in the development of the central nervous system. To study the basis of these teratogenic effects in vitro, we have used cocultures of neurons and glial cells from mouse embryonic brain. Cocaine selectively affected embryonic neuronal cells, causing first a dramatic reduction of both number and length of neurites and then extensive neuronal death. Scanning electron microscopy demonstrated a shift from a multipolar neuronal pattern towards bi-and unipolarity prior to the rounding up and eventual disappearance of the neurons. Selective toxicity of cocaine on neurons was paralleled by a concomitant decrease of the culture content in microtubuleassociated protein 2 (MAP2), a neuronal marker measured by solid-phase immunoassay. These effects on neurons were reversible when cocaine was removed from the culture medium. In contrast, cocaine did not affect astroglial cells and their glial fibrillary acidic protein (GFAP) content. Thus, in ... According to recent studies, 6-15% of infants currently born in large North American cities have been exposed in utero to cocaine, a powerful brain stimulant (1, 2). Yet, strong clinical, epidemiological, and experimental data point to deleterious effects of cocaine on pregnancy and postnatal outcome (1, 3, 
According to recent studies, 6-15% of infants currently born in large North American cities have been exposed in utero to cocaine, a powerful brain stimulant (1, 2). Yet, strong clinical, epidemiological, and experimental data point to deleterious effects of cocaine on pregnancy and postnatal outcome (1, 3, 4) .
Although the prevalence of teratogenic effects on the brain of children born to cocaine-addicted mothers is still controversial, the developing central nervous system appears particularly sensitive to this drug, as evidenced by multiple-case reports of destructive lesions resulting from ischemia and hemorrhage (3, (5) (6) (7) and of disturbances of the neurodevelopmental program. The latter include microcephaly (4, 8, 9) ; disorders of midline prosencephalic development, including agenesis of the corpus callosum and septo-optic dysplasia (10) ; and impairment of neuronal migration (reviewed in ref. 6 ).
As a result, intrauterine exposure to cocaine leads to transient as well as long-lasting postnatal neurological signs. Transient effects include tremulousness, irritability, defective interactive behavior (6, 11, 12) , abnormal electroencephalogram (13) and brain-stem auditory-evoked responses, seizures, and an -5-fold increase in the incidence of sudden infant death syndrome (14) . Studies on the long-term effects of intrauterine exposure to cocaine have disclosed a frequent impairment of cognitive abilities (15, 16 ), but it is not clear whether the deficit can be attributed to cocaine or reflects other familial and environmental characteristics (17) .
Experimental studies on various animal species have reproduced several effects of in utero exposure to cocaine on brain growth and function. Resulting alterations include a decreased myelination (18) ; multifocal inhibition of DNA synthesis (19) ; a severe disorganization of neocortical architecture (20, 21) ; poor development and function of dopaminergic (22) (23) (24) , cholinergic (25) , and serotonergic systems (24, 26) ; and impaired synaptic activity. This jeopardizes the establishment of neuronal pathways mediating motor, limbic, and neuroendocrine functions. Cocaine also provokes lasting metabolic alterations, especially of glucose metabolism (27, 28) . Finally, behavioral studies of rat and mouse offspring exposed to cocaine in utero also demonstrated long-term deficits of learning and locomotor activities regulated by complex central neural networks (21, 29, 30) .
Whether the effects of cocaine on the developing brain are the consequence of prolonged episodes of hypoxia induced by this drug or result from a direct toxicity remains controversial (21, 31) . Cocaine can induce lasting contraction of the uterus and uterine arteries, thereby lowering the placental blood flow and the total oxygen supply to the fetus (reviewed in ref. 32 ). In addition, being able to cross the placental barrier (33) , cocaine directly causes constriction of fetal cerebral arteries and provokes focal brain hypoxia (34) . Furthermore, cocaine also crosses the fetal blood-brain barrier and could exert direct toxic effects on the developing nervous system. Indeed, both neuroblastoma and glioblastoma cells were found to be sensitive to cocaine in vitro (35, 36) , but to our knowledge, no study has examined the toxicity of cocaine on embryonic neurons or glial cells in primary cultures.
We have used the embryonic mouse coculture system of neuronal and glial cells (37) , which maintains communication between these two major populations of cerebral cells, and have tested for a direct toxicity of cocaine concentrations that can be expected in the fetal brain upon maternal abuse.
MATERIALS AND METHODS
Cell Culture. Primary cocultures of embryonic mouse neurons and glial cells were obtained as described (37 
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5.5 mM glucose, 44 mM NaHCO3, 2 mM Glutamax I (Lalanylglutamine), 100 mg of streptomycin sulfate per liter, 120 mg of penicillin G (1650 units/mg) per liter, and 10% (vol/vol) heat-inactivated fetal calf serum. All culture reagents were from GIBCO/BRL. Cocaine, freshly dissolved at 100-500 ,M in medium, was added to cultures after 2 days, and the medium was replaced daily.
Immunocytochemistry. Neurons were identified by a rabbit antiserum raised against microtubule-associated protein 2 (MAP2; a gift from J. P. Brion, Hospital Erasme, Brussels), and astroglial cells were identified by a rabbit anti-glial fibrillary acidic protein antiserum (GFAP; Dako).
Coverslips were washed with 0.1 M phosphate buffer (pH 7.4), fixed in methanol for 5 min at -20°C, rinsed in PBS (137 mM NaCl/2.7 mM KCl/8 mM Na2HPO4/1.5 mM KH2PO4, pH 7.4), and treated with PBS containing 1% (wt/vol) bovine serum albumin and 0.05% (vol/vol) Tween 20 (PBS-BSA) for 30 min. Primary antibodies were diluted 1:1000 in PBS-BSA and incubated overnight at 4°C. Cultures were washed five times for 5 min each in the same medium, incubated with rhodamine-conjugated goat affinity-purified antibodies to rabbit IgG (1:100 dilution in PBS-BSA, Cappel) for 1 hr at room temperature, washed again five times for 5 CPD 020 unit with liquid C02, and covered with a 10-nm gold layer in a BAE 080 high-vacuum unit (Balzers). Coverslips were broken into small pieces, mounted on stubs, and observed in a Philips CM12 electron microscope under 80 kV by using the scanning mode and the secondary electron detector.
RESULTS
Neurons, the predominant initial population, extended multiple neuritic processes during culture in the control medium, resulting in a dense network on the coverslips. Glial cells, initially a minor component, multiplied to cover the substratum after 6 days as a flat monolayer upon which neurons were spreading. Thus, the relative contribution of the two populations evolved during culture, being roughly of equal abundance by day 4. Evaluation of both populations could be quantified by the content in the cultures of MAP2 (a neuronal marker) and of GFAP (an astroglial marker) (Fig. 1) . Conversion into absolute cell numbers was not possible because of the unequal sensitivity of detection of the two antigens and of possible changes in antigen content per cell during the culture. The 2-fold increase of MAP2-content was considered to reflect predominantly the sprouting and branching of neurites, whereas the 5-fold steady increase of GFAP content throughout the culture reflected both cell proliferation and maturation (see also thymidine incorporation below).
Cocaine was added after 2 days of culture, and its effect was examined first by immunofluorescence. By day 4, shortening of the neurites was clearly detectable with 250 ,M cocaine and a loss of neurons was further observed with 500 ,uM cocaine. By day 6 (i.e., after 4 days of exposure to the drug), 100 ,LM cocaine decreased the number and branching of neurites (Fig.  2B) , an effect not clearly detected after 2 days at this concentration; with 250 ,tM cocaine, the number of neurites per cell was further decreased, frequently producing the aspect of bipolar and unipolar cells (Fig. 2C) ; and with 500 ,tM cocaine, neurites had almost completely disappeared and very few scattered MAP2-labeled round cell bodies remained (Fig. 2D) . In contrast, the number of glial cells, identified by GFAP labeling, remained apparently unchanged in control and treated cultures. The drug caused some cell flattening and a discrete alteration in the fibrillar structure (compare F and G in Fig. 2) .
Quantitative immunoassays confirmed the morphological findings. The MAP2 content showed a time-and concentration-dependent decrease, to =20% of controls after 4 days with 500 ,uM cocaine (Fig. 3) . On the other hand, GFAPcontent was similar in control and treated wells throughout culture (Fig. 3 ).
An effect of cocaine on oligodendrocytes could not be explored in this coculture system because an unequivocal marker of these cells is not presently available.
[3H]Thymidine incorporation was indistinguishable in control cultures (673 ± 52 dpm/,ug of cell protein on day 6) and in cultures treated for 150. Time (days) 6 7 FIG. 1. Content of MAP2 and GFAP during control culture. Embryonic cortical cells were cocultured in control medium for the indicated times. The contents of MAP2 (-) and of GFAP (A) were measured by solid-phase immunoassays as cpm per dish and were normalized by reference to the content on day 4, when both populations are of similar abundance. Results are means ± SEM (for MAP2, n = 18 dishes pooled from five different isolates; for GFAP, n = 5 dishes from two different isolates). The early effects of cocaine on neuronal cells were reversible. When cells were cultured for 2 days with cocaine followed by 2 days in cocaine-free medium, the remaining cells reextended neurites, although a definitive loss of cells was evident (Fig. 2E) . After cocaine removal, the MAP2 content, albeit starting from a lower initial value, progressed as in cells that had not been exposed to the drug (Fig. 4) .
As viewed by scanning electron microscopy of control cultures, numerous multipolar neuronal cells extended long neurites on a flat layer of glial cells that was largely hidden by the dense neuritic network (Fig. 5A ). After 4 days of exposure to 500 ,uM cocaine, neurons had largely disappeared, leaving large areas of uncovered glial cells without any neurons to be observed. Where the few neuronal cells remained in small clusters, they had lost the stellate aspect and appeared instead as bipolar, unipolar, or even simply round cells that extended only one ruffling zone, resembling a growth cone without a stalk (Fig. 5 B and C) .
DISCUSSION
The deleterious effects of cocaine on brain development are now well established (4, 6-10, 20, 21) , but still a matter of debate are (i) the prevalence of the resulting lesions and subsequent neurodevelopmental abnormalities and (ii) the relative contribution of direct cocaine toxicity on developing neural cells versus ischemic aggressions provoked by cocaine (8, 31) . Our results show that cocaine can inhibit neurite outgrowth and induce a selective loss of neurons in embryonic mouse brain cocultures without affecting the viability of adjacent glial cells.
Cocaine concentrations in the experiments reported here and used by other investigators (35, 36, 40, 41) are likely to be of clinical relevance. Indeed, following rapid mucosal absorption (42), cocaine easily crosses the placental and the fetal blood-brain barriers (15), thanks to its small molecular weight, low degree of ionization at physiologic pH, weak protein binding, and high water and lipid solubility (43) . Furthermore, the activity of esterases involved in cocaine degradation decreases in adult plasma during pregnancy and is very low in the fetus (44) . The fetal blood/brain ratio of cocaine has been measured at 1:2 to 1:4 (45) . However, it is not possible to better estimate the concentration and the duration of exposure in the fetal brain when the mother uses up to 10 g of cocaine per week throughout her pregnancy, as is unfortunately often the case. Several other factors also come into play, such as the variability in route and dose of cocaine uptake as well as the stage and timing of fetal brain development when exposure to cocaine occurs.
Very little information is available on cell toxicity of cocaine in vitro. Inhibition of macromolecular syntheses, especially of thymidine and uridine incorporation, has been reported in glioblastoma cells and neocortical glial cells exposed to 0.2-2 mM cocaine (35) . In contrast, we found no effect of cocaine on DNA synthesis under culture conditions where the synthesis essentially reflects glial cell proliferation. This discrepancy may be due to a different regulation of cell growth in tumoral Medical Sciences: Nassogne et al. Each value is the mean + SEM of four to six dishes from one isolate. This experiment was repeated once with a different isolate and yielded similar results. cells and in differentiated cells as compared with fetal glial cells. In serum-free medium, differentiation of the PC12 neuroblastoma cell line induced by nerve growth factor (NGF) and its proliferation stimulated by insulin-like growth factor 1 (IGF-1) were both impaired in the presence of a much lower cocaine concentration (10 ,iM) than used in the present study, but these effects were no longer observed in the presence of serum (36) . The inhibition by cocaine of NGF-induced differentiation in neuroblastoma cells (36) and of neurite extension in the primary coculture system (this work) clearly indicates that cocaine can disrupt the elongation of neuronal processes.
The mechanisms that regulate normal extension of neurites remain poorly understood, and thus we can only speculate as to how cocaine prevents their formation or causes their retraction and disappearance. Molecules as diverse as extracellular matrix constituents (46) , growth factors (47), neurotransmitters (48) , and proteases or their inhibitors can exert dramatic effects, ranging from stimulation of neurite outgrowth to induction of neurite retraction and growth cone collapse (49) . Astroglial cells are also key contributors to brain development by releasing a number of growth factors and extracellular matrix constituents such as laminin and fibronectin, all of which stimulate neuronal proliferation and promote axonal spreading (50) . Finally, it is quite likely that the cytoskeleton plays an important role in the outgrowth or in the retraction of neurites (51) . Since cocaine is hydrolyzed in aqueous medium with a t1/2 of 17.5 hr (ref. 36 ; also measured in our culture conditions), the effects could be produced by its metabolites (52) . A crucial issue is to know whether neuronal loss induced by cocaine results from an enhancement of the natural program of cell death (apoptosis) in the central nervous system (53) or from a direct toxicity, for instance through metabolic exhaustion by the excitotoxic cascade.
In conclusion, the major findings of this study-i.e., the reversion of neuritic outgrowth followed by a loss of neuronal cells-suggest that, in addition to possible vascular side effects, cocaine may exert direct toxic effects on the brain, resulting into a defect in neuronal stabilization, which in turn impairs cortical development. An alteration in neurite outgrowth FIG. 5 . Scanning electron microscopy. Cocultures were established for 2 days, cultured for 4 additional days in control medium (A) or in medium with 500 ,uM cocaine (B and C), then fixed, and processed for scanning electron microscopy. Note the multipolarity of neurons inA, their bipolarity in B, and the collapse of neurites, limited to a single growth cone per cell, in C (arrow). In contrast, the glial monolayer appears unaffected. (Bars = 5 ,im.) obviously would alter subsequent synaptogenesis during the critical period of cell differentiation and rapid axonal and dendritic expansion. Furthermore, a disturbed neuronal differentiation could also impair neuronal-glial interactions that are critical for the correct radial migration of neurons during corticogenesis (54) , resulting in malformation if not absence of specific neuronal pathways. Finally, neuronal death could explain the reduced neuronal complement in brains exposed to cocaine in utero.
